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There is increasing evidence that changes of glomerular
hemodynamics or glomerular growth responses may
promote the development of glomerulosclerosis. Major
problems retarding research progress include lack of suitable
experimental animal models, with the exception of the
ablation model, and the need for in vivo real-time analysis of
glomerular hemodynamics. This study examined the
sequence of pathological changes from the viewpoints of
microcirculation and histopathology, from the acute stage to
the chronic course and the final stage of glomerulosclerosis,
using the confocal laser scanning microscope system. There
is a marked difference in prognosis between sham-operated
(two-kidney) and nephrectomized (one-kidney) rats after
injection with anti-Thy-1 antibody. The former reversibly
returns to normal and the latter irreversibly go to progressive
sclerosis, respectively. The turning point determining the
progression of glomerulosclerosis in both groups seemed to
be the period from 7 to 14 days after disease induction, when
disturbance of local intraglomerular blood flow continued in
the one-kidney groups. In conclusion, this study provides the
first hemodynamic-based evidence showing that disturbance
of intraglomerular microcirculation is a critical marker for
progressive glomerulosclerosis.
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One of our goals as nephrologists is to find ways to stop the
progression of glomerulosclerosis that leads to renal in-
sufficiency, and to repair sclerotic glomerular lesions in
chronically progressive glomerular diseases, such as diabetic
nephropathy and Immunoglobulin A nephritis. To reach the
final goal of therapeutic success, we need to attend to the
following points: (1) develop a suitable experimental model
of progressive glomerulosclerosis and clarify the precise
mechanisms of progressive glomerulosclerosis, as well as
evaluate therapeutic use of potential drugs selected according
to the running hypothesis at the cellular and molecular levels,
(2) develop analytical procedures to diagnose and judge the
degree and prognosis of glomerulosclerosis quantitatively and
qualitatively, including diagnostic methods and definitive
disease-progression markers, (3)explore prospective drugs
acting on the pathways associated with progression of
sclerosis.
There is accumulating evidence that glomerular hemo-
dynamic changes or glomerular growth responses may
promote the development of glomerulosclerosis, irrespective
of etiology.1–5 However, experimental models of glomerulo-
sclerosis usually do not have an irreversible course, with the
exception of the ablation model. Recently, we presented data
showing that progressive glomerulosclerosis could be induced
in the rat by a one-shot injection of anti-Thy-1.1 monoclonal
antibody followed by unilateral nephrectomy.6 Furthermore,
we introduced real-time and three-dimensional analysis of
glomerular hemodynamics using the confocal laser scanning
microscope.7 This equipment allows us to readily examine
not only glomerular hemodynamic changes but also
morphological recovery of the glomerular capillary after
injury.
Here, we report the first study to show the sequence of
pathological changes, from the acute stage of mesangial
injury to a chronic course resulting in the final stage of
glomerulosclerosis, from the viewpoint of glomerular
hemodynamics. For this purpose, we have used the experi-
mental model of irreversible glomerulosclerosis and the non-
invasive techniques for examining glomerular hemodynamics
described above. In conclusion, we propose that impairment
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of vascular regeneration, both morphologically and hemo-
dynamically, plays a critical role in irreversible progression of
glomerulosclerosis.
RESULTS
General features of one- and two-kidney groups during the
disease course
As shown in Table 1, marked proteinuria was observed on
day 3, reaching 96.7743.1 and 96.2730.2 mg/day in the
one-kidney and two-kidney groups, respectively. On day 14,
urinary protein excretion in both groups had decreased
to the normal range. Urinary protein excretion in the
one-kidney group then rose again to 41.8717.2 mg/day on
day 56 and to 53.6720.0 mg/day on day 84. There was a
significant difference in urinary protein excretion on day 83
between one-kidney and two-kidney groups (where rats
were injected with 0.5 ml normal saline and unilateral
nephrectomy was performed while urinary protein excretion
in the Nx group) increased slightly from day 14 onwards,
finally reaching 32.579.9 mg/day on day 84. On day 84,
serum blood urea nitrogen in the one-kidney group were
significantly higher than in other three groups, two-kidney,
Nx, and normal groups (Table 2). Serum creatinine and
total cholesterol levels in the one-kidney group were
significantly higher than in the two-kidney and normal
groups on day 84 (Table 2), whereas there was no significant
difference in serum creatinine lebel between one-kidney and
Nx groups.
Left kidney weight/body weight in the one-kidney group
was 5.6870.46g/kg, significantly higher than in the Nx group
(4.9070.45g/kg), on day 84. Mean arterial pressure of the
carotid artery was always monitored when observing renal
hemodynamics using confocal laser scan microscopy
(CLSM). There was no significant difference in mean arterial
pressures between any groups (data not shown).
Light microscopic findings during the disease course
As reported previously,6 diffuse mesangiolytic changes were
found on day 3 in both the one- and two-kidney groups
(Figure 1a and b). On day 14, there was diffuse mesangial cell
proliferation and mesangial matrix expansion in both groups
(Figure 1c and d). By day 56, the mesangial cell proliferation
was remarkably decreased (data not shown). On day 84, some
glomeruli showed mesangial matrix expansion with sclerotic
lesions, and diffuse tubular atrophic changes with interstitial
cell infiltration were found in the one-kidney group (Figures
1e and 5a). Only mild mesangial proliferative changes were
observed in the two-kidney group (Figure 1f), and no
pathological findings were observed in the Nx and normal
groups on day 84 (data not shown).
Owing to limitations of intravital examination when using
our CLSM system, we can analyze glomerular hemodynamics
only from the surface to a depth of about 100 mm. It is
therefore important to know whether there are differences in
pathological changes, such as mesangial matrix expansion or
degree of sclerosis, between superficial and deep glomeruli.
As shown in Table 3, there was no significant difference in
both mesangial matrix and sclerosis score of glomeruli
localized in the superficial cortex (to 200 mm in depth) and in
the deep (from 200 mm in depth to cortico-medullary
junction) cortex.
Intravital observation of the glomerular microcirculation
during the disease course
The left kidneys of Munich–Wistar rats were observed by
intravital microscopy. We observed 6–14 glomeruli from each
Table 1 | Urinary protein excretion
mg/day Day 3 Day 7 Day 14 Day 56 Day 84
Normal (n=8) 0.870.7 0.970.8 1.271.3 13.873.1 17.9713.4
Nx (n=5) 3.073.6 2.973.5 6.774.6a 28.275.4b,c 32.579.9c,d
Two-kidney (n=6) 96.2730.2b 26.4717.7b 4.075.5 15.478.9 15.778.3
One-kidney (n=8) 96.7743.1b 30.6712.5b 7.575.9b 41.8717.2b,c 53.6720.0b,c
Nx, groups where rats were injected with 0.5 ml normal saline and unilateral nephrectomy was performed.
aPo0.01 vs normal group.
bPo0.05 vs normal group.
cPo0.005 vs two-kidney group.
dPo0.005 vs normal group.
Table 2 | Serum biochemical analysis on day 84
Total protein (g/dl) Albumin (g/dl) Total cholesterol (mg/dl) Blood urea nitrogen (mg/dl) Creatinie (mg/dl)
Normal (n=8) 5.070.6 3.570.3 56.677.6 19.373.5 0.3470.06
Nx (n=5) 5.470.9 3.670.4 66.9714.2 24.373.1a 0.5070.08b,c
Two-kidney (n=6) 5.270.8 3.670.5 55.876.6 21.473.3 0.3670.11
One-kidney (n=8) 5.070.5 3.470.3 74.0711.9b,d 27.372.2b,e 0.5270.09b,c
Nx, groups where rats were injected with 0.5 ml normal saline and unilateral nephrectomy was performed.
aPo0.05 vs normal group.
bPo0.005 vs normal group.
cPo0.05 vs two-kidney group.
dPo0.01 vs two-kidney group.
ePo0.005 vs two-kidney group.
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rat, from two to eight rats in each group at each time
examined. On day 3, many glomeruli showed microaneur-
ysms and the average red blood cell (RBC) velocity in the
glomerular tufts was significantly impaired in both one- and
two-kidney groups, consistent with our previous data7
(Table 4). The average RBC velocity among glomeruli in
the one-kidney and two-kidney groups was still impaired on
day 7, down to about 80% of that seen in the normal group.
On day 14, the average RBC velocity in the two-kidney group
was 681.37158.5 mM/s, a value 12.0% higher compared with
the velocity of the normal group (608.27168.3mM/s),
whereas it remained lowered in the one-kidney group
(549.97141.1 mM/s, 90.4% of the velocity of the normal
group). There were no significant differences in the average of
RBC velocities in all groups, on days 56 and 84 (Table 4),
when data from glomeruli having no blood flow or showing
abnormal blood flow as described below were excluded.
Next, we examined intraglomerular hemodynamic
changes, presumably caused by ongoing focal microvascular
lesions, qualitatively and semiquantitatively. As described in
Materials and Methods, we measured erythrocyte velocities at
two different fixed parts of tufts within a glomerulus to
evaluate the heterogeneity of intraglomerular blood flow. The
presence of significant difference in these values, revealing
a heterogeneous pattern of intraglomerular blood flow,
indicated that there was serious disturbance of local
glomerular blood flow. As shown in Figure 2, in which the
individual values were plotted and the medial values were
presented as the bars, in the normal group on day 84, the
difference in the median values of intraglomerular RBC
velocity at two different fixed parts within a glomerulus was
109.0 mm/s. On day 3, in both one- and two-kidney groups,
397.8 and 347.8 mm/s, respectively, there were significant
heterogeneity in intraglomerular RBC velocity compared to
those of normal (109.0mm/s) and Nx groups (138.9 mm/s),
respectively (Po0.05). In the two-kidney group, the
difference in intraglomerular RBC velocity decreased with
time, but was still abnormal (234.3 mm/s) on day 7, becoming
almost normal (65.6 mm/s) on day 14, thereafter. In contrast,
heterogeneity in blood flow, represented by pathological
differences in intraglomerular RBC velocities in the one-
kidney group, was still evident on day 14 (211.6 mm/s).
Representative figures are shown in Figure 3.
Furthermore, in the one-kidney group, abnormal blood
flow showing ‘stop’ and ‘re-flow’ or a rapid change of blood
flow within a single glomerular tuft during the 7th–56th day
was more frequently observed (Figure 4). On day 84, lack of
blood flow in parts of the glomerulus in the one-kidney
group was a frequent finding, probably because of segmental
glomerulosclerosis (Figure 5).
a b
dc
e f
Figure 1 | Light microscopic findings of glomeruli in the
one-kidney group (a, c, e) as well as the two-kidney group
(b, d, f). Diffuse mesangiolytic changes were found on day 3 in both
(a, b) the one- and the two-kidney groups, respectively. (c, d) There
was diffuse mesangial cell proliferation and mesangial matrix
expansion on day 14 in both groups. On day 84, some glomeruli
showed mesangial matrix expansion with sclerotic lesions, and
diffuse tubular atrophic changes with interstitial cell infiltration were
found in the (e) one-kidney group. Only mild mesangial proliferative
changes were observed in the (f) two-kidney group. (periodic
acid-Schiff stain, original magnification  100).
Table 3 | Glomerular sclerosis index and mesangial proliferation index
Glomerular sclerosis index Mesangial proliferation index
n Superficial Deep Superficial Deep
Normal 84 day 5 0.125 0.081 0.730 0.577
Nx 14 day 2 0.158 0.208 1.300 0.871
84 day 2 0.311 0.323 1.797 1.542
Two-kidney 14 day 2 0.300 0.288 2.214 2.189
84 day 4 0.322 0.382 1.679 1.380
One-kidney 14 day 2 0.451 0.516 1.665 1.849
84 day 7 0.596 0.556 1.800 1.693
Data values, which were calculated as the mean of 2–7 rats of each experimental group. Twenty-one to 128 glomeruli in the surface or deep zones per rat were examined.
There was no significant difference in index between superficial cortex and deep cortex.
Nx, groups where rats were injected with 0.5 ml normal saline and unilateral nephrectomy was performed.
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DISCUSSION
Following the pioneer work of Brenner’s group and other
investigators,1–5,8–12 it is now widely thought that glomerular
hemodynamic changes or glomerular growth responses may
promote the development of glomerulosclerosis, irrespective
of etiology. However, our knowledge about the cellular and
molecular mechanisms leading to progressive glomerulo-
sclerosis is still very limited. The present study was under-
taken to clarify the role of glomerular hemodynamic changes
involved in progressive glomerulosclerosis as follows: (1) to
determine whether similar features of progressive glomerular
sclerosis could be induced in Wistar–Munich rats, as
described previously for Wistar rats;6 (2) to examine
glomerular microvascular images and blood flow in vivo,
from the early stage to the late stage of disease showing
Table 4 | RBC velocity
% Day 3 Day 7 Day 14 Day 56 Day 84
Nx 87.1724.2 94.3730.6 91.3729.6a 90.3725.9 93.4736.4
Two-kidney 45.5738.4b 76.4735.8c 112.0726.1 97.9724.2 91.9722.2
One-kidney 51.6740.1b 80.4746.8 90.4723.2a 101.3732.0 93.2727.0
Nx, groups where rats were injected with 0.5 ml normal saline and unilateral nephrectomy was performed.
Data values, which were calculated as the percentages of averaging RBC velocity in the normal group, are shown as mean71 s.d. The RBC velocity was measured in 6–16
glomeruli in each group.
aPo0.005 vs two-kidney group.
bPo0.005 vs normal group.
cPo0.05 vs normal group.
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Figure 2 | Heterogeneity of intraglomerular blood flow. Data
values indicate the mean difference of erythrocyte velocity at two
different fixed points within a glomerulus in the experimental groups,
as described in Materials and Methods. The numbers of glomeruli
examined were 8, 9, and 6, in Nx (two rats), two-kidney (two rats), and
one-kidney (two rats) groups on day 3, respectively; 10, 7, and 7 in Nx,
two-kidney, and one-kidney groups (three rats in each group) on day
7, respectively; 10, 16, and 10 in Nx, two-kidney, and one-kidney
groups (three rats in each group) on day 14, respectively; 10, 7, and
11 in Nx, two-kidney, and one-kidney groups (three rats in each
group) on day 56, respectively; and 7, 14, and 13 in Nx, two-kidney,
and one-kidney groups (three rats in each group) on day 84,
respectively. The number of glomeruli examined in the normal group
was 14 from each three rats on day 84 as a representative value of
normal groups. All values were analyzed statistically by Steel–Dwass
test, as described in Materials and Methods, and Results. *Po0.05 vs
normal, **Po0.05 vs Nx, ***Po0.05 vs two-kidney.
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Figure 3 | Representative images showing the heterogeneity of
intraglomerular blood flow. To measure vessel diameter and
erythrocyte velocity, rats were injected with fluorescein isothiocya-
nate-labeled dextran and RBCs. Arrows in (a, b) show the sequential
images of RBC flow (b, in 0.04 s after) obtained from the rat on day
14, in one-kidney group. The RBC velocity was 1066 mm/s at this
position. In contrast, sequential images of (c and d) at a different tuft
in the same glomeruli revealed that RBC velocity was 403 mm/s. White
arrows show sequential images of RBC flow (d, in 0.03 s after). This
demonstrates the heterogeneity of intraglomerular blood flow
present. Bars¼ 10 mm.
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Figure 4 | Representative images showing abnormal intraglo-
merular blood flow, such as ‘stop’ and ‘re-flow’. White arrows
show sequential images of RBC flow. Frame-by frame analysis on day
14 in the one-kidney group revealed that RBC velocity was 0 mm/s,
suggesting (from a and b) ‘stop’ of blood flow, but that RBC
‘re-flowed’ 15 s thereafter, (from c and d) 506.1 mm/s of RBC velocity.
Bars¼ 10mm.
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glomerular sclerotic lesions; (3) to elucidate the links between
glomerular hemodynamic changes and impairment of
microvascular regeneration that result in glomerulosclerosis.
The data presented show that progressive glomerulo-
sclerosis could also be induced by a one shot injection of
anti-Thy-1.1 antibody, followed by unilateral nephrectomy
(one-kidney group), in Munich rats, as described in Wistar
rats.6 In Munich rats, many glomeruli are located directly
under the vicinal surface of the kidney cortex, allowing access
for direct observation on glomeruli in vivo. Mesangiolytic
lesions, such as microaneurysmal ballooning on day 3 and
subsequent diffuse mesangial cell proliferation on days 7 and
14 were apparent at the same degrees in both the one- and
two-kidney groups. By day 56, mesangial proliferation was
markedly decreased in both groups. On day 84, the latest
time point studied, there was a sharp contrast in the
histological changes between these two groups. For example,
mesangioproliferative lesions with sclerosis and diffuse
tubular atrophy with interstitial cell infiltration were often
found in the one-kidney group. Only mild mesangioproli-
ferative changes were observed in the two-kidney group.
From our previous data6 using Wistar rats, we did not expect
that Munich–Wistar rats receiving unilateral nephrectomy
(Nx group) would show increased serum concentrations of
blood urea nitrogen and creatinine and urinary protein
excretion on days 56, and/or 84, without histopathological
changes in the kidneys. The reason was not clear and may
have been due to strain differences. Uninephrectomy, either
neonatally or at an early age, is known to increase
susceptibility to the induction of glomerular deterioration
in adults.13–15
In the next step, we evaluated the glomerular micro-
circulation in vivo, in both the one- and two-kidney groups
during the disease course. On day 3, we confirmed that
diffuse mesangiolytic changes, frequently microaneurysmal
ballooning, were found in both groups, and that RBC velocity
within the glomerular tufts was significantly lower than in the
controls, being particularly retarded within microaneurysms,
as reported previously.7 The present study also confirmed
that there is a clearcut difference in the prognosis of renal
disease between the reversible, two-kidney model and the
irreversible one-kidney model, as described previously.6 The
following questions arise: (1) When is the turning point
determining the progression of glomerulosclerosis in the
one-kidney model, in contrast to the two-kidney model? (2)
What is the determining factor or marker thereof, assuming
that there is a strong association with the pathogenesis of
irreversible glomerulosclerosis? The novel finding in the
present work was the disturbance of local intraglomerular
blood flow. This had already started by day 7 and was still
seen 14 days after disease induction in the one-kidney model,
followed by progressive glomerulosclerosis, as seen on day 84.
In contrast, the disturbance of local intraglomerular blood
flow in the two-kidney model subsided at day 14. In our
previous immunofluorescent and reverse transcriptase-
polymerase chain reaction studies using Wistar rats, suppres-
sion of regeneration of glomerular endothelial cells was
found 14 days after disease induction in the one-kidney
group, but not in the two-kidney group.6 Taken together, the
critical time point when glomerular pathology induced by
anti-Thy-1 antibody may run separate courses, reversibly
returning to normal in the two-kidney model and irreversibly
leading to progressive glomerulosclerosis in the one-kidney
model, lies within the period from 7 to 14 days after disease
induction. Regeneration of glomerular capillaries is thought
to be an important factor determining the fate of progression
of glomerular diseases, and should be judged not only from
the morphological findings of angiogenesis but also from
vascular function, such as glomerular hemodynamic changes.
It is not yet clear, whether marked and sustained
heterogeneity of intraglomerular blood flow is a cause or a
result of glomerular pathology, resulting in progressive
glomerulosclerosis. Under normal conditions, glomerular
blood flow appeared to be almost laminar with few site
differences in blood velocity within a single glomerulus.
When glomerular capillaries were injured by injection of
anti-Thy-1 antibody, regeneration of glomerular tufts in the
one-kidney model was retarded remarkably. From the early
phase of disease onwards (7–14 days), intraglomerular blood
flow was disturbed and irregular, resulting in turbulent flow
in addition to glomerular hyperfusion. Hemodynamically, it
is well known that more pressure is required for a given flow
of fluid, when the flow is turbulent than when it is laminar.16
Therefore, it is reasonable to consider that disturbance of
intraglomerular blood flow in the one-kidney model may
induce higher shear and hydrostatic forces along the
glomerular capillary walls in the early phase of renal disease,
leading to retardation of capillary repair and finally
progressive glomerulosclerosis. Cellular and molecular
mechanisms of glomerular hyperfusion, hypertension, and
turbulence of blood flow need to be clarified in the near
future to aid the search for therapeutic approaches to
glomerulosclerosis. In addition, real-time analysis of glome-
rular hemodynamics, as used in this study, could be
developed into a potential method for assessing prognosis
of renal diseases, including glomerular disease, and examin-
ing therapeutic efficacy on the progression of disease from
the viewpoint of microvascular hemodynamics.
a b
Figure 5 | A representative image showing avascular lesions on
day 84 in the one-kidney group. We often found glomeruli with
(a, periodic acid-Schiff, original magnification  200) advanced
sclerotic lesions, presumably coincident with the confocal finding of
(b, original magnification  100) avascular lesion observed by CSU10.
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MATERIALS AND METHODS
Animals
All experiments were performed using five- to six-week-old male
Munich–Wistar rats, purchased from Simonsen Laboratories, Inc.
(Day Road, Gilroy, CA, USA). All experiments were conducted with
the approval of the animal committee of Niigata University.
Preparation of monoclonal antibody
The monoclonal antibody 1-22-3 (Immunoglobulin G), used for the
induction of the anti-Thy-1 antibody model, was produced in mice
by immunization with rat glomeruli, as described previously.17 The
monoclonal antibodies were produced as ascitic fluid in mice
primed with 2,6,10,14-tetramethylpentadecane (Sigma, St, Louis,
MO, USA). The ascitic fluid was precipitated with 50% saturated
ammonium sulfate and the immunoglobulin-rich fraction was
dialyzed against phosphate-buffered saline for 2 days.
Experimental design
Rats were divided into four groups as follows: (i) 23 rats were
injected intravenously with 1.0 mg monoclonal antibody 1-22-3,
then 30 min after injection, unilateral nephrectomy of the right
kidney was performed (one-kidney group); (ii) 23 rats were injected
intravenously with the same dose of the antibody and a sham
operation was performed (two-kidney group); (iii) 23 rats were
injected with 0.5 ml normal saline and unilateral nephrectomy was
performed (Nx group); (iv) 21 rats were injected with 0.5 ml normal
saline and a sham operation was performed (normal group). On day
3 after injection, two rats were examined for in vivo glomerular
microcirculation with an intravital microscope system as described
below and thereafter killed for histological examination, in the
Nx, two-kidney, and one-kidney groups, respectively. On days 7, 14,
56, and 84, in vivo glomerular microcirculation was analyzed in
three to eight rats of each group, and then killed for histological
examination in normal, Nx, two-kidney, and one-kidney groups,
respectively. The body weight and the left kidney mass of each
animal were measured.
Light microscopy
Renal tissue was fixed with 10% neutral buffered formalin,
embedded in paraffin and sections (2–3 mm thick) were stained
with periodic acid-Schiff and periodic acid methenamine silver.
Mesangial proliferation and glomerular sclerosis on days 14 and 84
were graded semiquantitatively using periodic acid-Schiff -stained
sections, on a scale of 0–4þ , as reported previously.18
Serum biochemical analysis
On day 84, blood samples were collected and serum total protein,
serum albumin, total cholesterol, blood urea nitrogen, and
creatinine concentrations were measured.
Urinalysis
On days 3, 7, 14, 56, and 84 after antibody injection, rats were
individually housed in metabolic cages, with free access to water, for
collection of 24-h urine specimens. The amount of urinary protein
excreted was determined by the Biuret method, using bovine serum
albumin as standard.6
Intravital observation of the renal microcirculation
Observations on microcirculation blood flow were made with an
intravital microscope system (Nikon, Tokyo, Japan), equipped with
a real-time confocal scanner unit model CSU10 (YOKOGAWA
Electric Corporation, Tokyo, Japan) and image processing devices,
using a recording lens and salt water immersion objectives (Flour
 10/0.30 W, Flour  40/0.80 W, Nikon), as described previously.7
The scanner actually captures 360 frames of confocal images, which
can be observed at the eyepiece of the scanner, and sends 30 frames
of confocal images per second to an ICCD camera (Model C2400-
89; HAMAMATSU PHOTONICS K.K., Shizuoka, Japan) to
synchronize with the scanning rate of the camera. This is video-
recorded (Model SVO-9600; Sony, Tokyo, Japan) for analysis.
Munich–Wistar rats were anesthetized by intraperitoneal injec-
tion of thiobutabarbital sodium salt (100 mg/kg). The body
temperature of the animals was kept 37.01C on a heating pad.
Polyethylene catheters (PE50) were inserted into the carotid artery
for blood pressure measurements and into the femoral vein for
administrating labeled plasma components and autologous RBCs.
The left kidney was exposed by a flank muscle fascia incision and
then, was placed in a kidney groove to reduce kidney movement
caused by respiration and heartbeat. The kidney was immersed in a
bath of physiological saline (Naþ 154 mEq/l, Cl 154 mEq/l) in
which the temperature was kept at 37711C. Glomeruli on the flat
portion of the kidney surface were selected for observation.
To measure the inner diameter of the glomerular capillary,
enhancement of the contrast of microvessel images against a dark
background was made by intravenous injection (10 mg/ml, 2 ml/kg)
of a solution of fluorescein isothiocyanate-labeled dextran (MW
150 000; Sigma Chemical Co., St Louis, MO, USA). This procedure
produced bright fluorescent images of the vascular lumen, and made
the boundary lines of vessels distinctly visible. Diameters of
microvessels were measured with a vernier caliper on individual
frames of the video-recorded images.
To measure erythrocyte velocity, a batch of erythrocytes labeled
with fluorescein isothiocyanate was injected intravenously. Briefly,
washed erythrocytes obtained from an experimental rat were
incubated with a phosphate-buffered saline (137 mM NaCl, 6.4 mM
Na2HPO4, 2.7 mM KCl, 1.5 mM KH2PO4, pH 7.8) solution contain-
ing fluorescein isothiocyanate (1 mg/ml fluorescein isothiocyanate;
ICN Pharmaceuticals, Inc., Cleveland, OH, USA). The labeled cells
were then washed twice with a saline solution containing 1% bovine
serum albumin (Sigma Chemical Co., St Louis, MO, USA) to
remove free dye. The final volume percent of the labeled cells was
adjusted to approximately 50% by adding isotonic saline solution,
and an aliquot of this suspension was injected (1 ml/kg) through the
femoral vein of the rat to measure centerline erythrocyte velocity.
The fraction of labeled RBC in total RBC was about 1%. From the
video-recorded images, erythrocyte velocity was calculated from
frame-by-frame analysis.
To examine disturbances of intraglomerular blood flow, namely,
to evaluate the heterogeneity of intraglomerular blood flow, both
qualitatively and semiquantitatively, erythrocyte velocities at two
different fixed points within a glomerulus were measured at least
three times and the differences of mean values at each point were
compared among experimental groups. In addition, the frequency of
glomeruli showing a rapid change of blood flow, such as ‘stop and
re-flow’, within a single glomerulus was evaluated using six to 16
glomeruli in each experimental group.
Statistical analysis
All values were expressed in the form mean7s.d. The Student
unpaired t-test was used for comparison of urinary protein
excretion and serum biochemical analysis. Mann–Whitney U-test
was used for comparison of glomerular sclerosis index, mesangial
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proliferation index, and RBC velocity. Heterogeneity of intra-
glomerular blood flow was analyzed by nonparametric Steel–Dwass
test, performed by pair wise test compared for one-way layout design,
for multiple comparison among four groups, as described pre-
viously.19 All data analysis was performed using Kyplot software. A
Pvalue less than 0.05 was considered significant in all statistical tests.
ACKNOWLEDGMENTS
This study was supported by research grants from the Naito
Foundation (97-111), and Grants-in-Aid for scientific research (B)
(No.15390266) and (C) (No. 12671032), and for encouragement of
young scientists (A) (No. 13770598) from the Ministry of Education,
Science, Sports, and Culture, Japan as well as the JSPS Postdoctoral
Fellowship for Foreign Researchers (15. 03138) (to Dr Li B). Part of this
work was presented at The American Society of Nephrology, 36th
Annual Meeting in San Diego, USA, 2003. We thank Dr S Batsford,
PhD, Institute of Medical Microbiology and Hygiene, Freiburg
University, Germany, for critical review and suggestions for our
manuscript.
REFERENCES
1. Lee LK, Meyer TW, Pollock AS, Lovett DH. Endothelial cell injury initiates
glomerular sclerosis in the rat remnant kidney. J Clin Invest 1995; 96:
953–964.
2. Olson JL, Heptinstall RH. Nonimmunologic mechanisms of glomerular
injury. Lab Invest 1988; 59: 564–578.
3. Floege J, Burns MW, Alpers CE et al. Glomerular cell proliferation and
PDGF expression precede glomerulosclerosis in the remnant kidney
model. Kidney Int 1992; 41: 297–309.
4. Fogo A, Ichikawa I. Evidence for the central role of glomerular growth
promoters in the development of sclerosis. Semin Nephrol 1989; 9:
329–342.
5. Mackenzie HS, Taal MW, Luyckx VA, Brenner BM. Adaptation to nephron
loss. In: Brenner BM (ed). The Kidney, 5th edn. WB Saunders: Philadelphia,
1996, pp 1901–1942.
6. Wada Y, Morioka T, Oyanagi-Tanaka Y et al. Impairment of vascular
regeneration precedes progressive glomerulosclerosis in anti-Thy 1
glomerulonephritis. Kidney Int 2002; 61: 432–443.
7. Oyanagi-Tanaka Y, Yao J, Wada Y et al. Real-time observation of
hemodynamic changes in glomerular aneurysms induced by anti-Thy-1
antibody. Kidney Int 2001; 59: 252–259.
8. Dworkin LD, Sun AM, Brenner BM. The renal circulations. In: Brenner BM
(ed). Brenner & Rector’s The Kidney, 6th edn, WB Saunders: Philadelphia,
2000, pp 277–318.
9. Hostetter TH, Olson JL, Rennke HG et al. Hyperfiltration in remnant
nephrons: a potentially adverse response to renal ablation. Am J Physiol
1981; 241: F85–F93.
10. Brenner BM. Nephron adaptation to renal injury or ablation. Am J Physiol
1985; 249: F324–F337.
11. Brenner BM. Remission of renal disease: recounting the challenge,
acquiring the goal. J Clin Invest 2002; 110: 1753–1758.
12. Fogo AB, Kon V. Pathophysiology of progressive renal disease. In: Neilson
EG, Couser WG (eds). Immunologic Renal Diseases. Lippincott-Raven:
Philadelphia, 1977, pp 683–726.
13. Okuda S, Motomura K, Sanai T et al. Influence of age on deterioration of
the remnant kidney in uninephrectomized rats. Clini Sci (London) 1987;
72: 571–576.
14. Nagata M, Scharer K, Kriz W. Glomerular damage after uninephrectomy in
young rats. Hypertrophy and distortion of capillary architecture. Kidney
Int 1992; 42: 136–147.
15. Nyengaard JR. Number and dimensions of rat glomerular capillaries in
normal development and after nephrectomy. Kidney Int 1993; 43:
1049–1057.
16. Berne RM, Levy MN. Hemodynamics. In: Berne RM, Levy MN (eds).
Principles of Physiology. 3rd edn. Mosby: St Louis, 2000, pp 227–236.
17. Orikasa M, Matsui K, Oite T, Shimizu F. Massive proteinuria induced rats
by a single intravenous injection of a monoclonal antibody. J Immunol
1988; 141: 807–814.
18. Raij L, Azar S, Keane W. Measngial immune injury, hypertention, and
progressive glomerular damage in Dahl rats. Kidney Int 1984; 26: 137–143.
19. Takahashi M, Ni JW, Kawasaki-Yatsugi S et al. Neuroprotective efficacy of
YM872, an aplpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
receptor antagonist, after permanent middle cerebral artery occlusion in
rats. J Pharmacol Exp Ther 1998; 287: 559–566.
1798 Kidney International (2006) 69, 1792–1798
o r i g i n a l a r t i c l e K Kawamura et al.: Glomerular hemodynamics in progressive glomerulosclerosis
